INTRODUCTION
Fluorescence spectroscopy is a powerful tool for probing the structure and conformational dynamics of biopolymers, as well as their interactions, under a wide range of solution conditions in vitro and in vivo. For example, fluorescence spectroscopy has successfully been utilized to directly observe and quantify conformational change and catalytic function of nucleic acids in solution (Millar 1996; Walter and Burke 2000; Klostermeier and Millar 2001; Walter et al. 2001 Walter et al. , 2002 Ha 2004; Zhuang 2005) . Unlike proteins, which in many cases carry intrinsic fluorophores such as tryptophan, nucleic acids must be extrinsically labeled, typically with fluorescent organic dyes, due to the low fluorescence quantum yield of their natural components. Even though a plethora of such dyes has been developed (see, e.g., http:// probes.com/), a risk is that they sterically disrupt nucleic acid structure and possibly function. One solution to this problem is the use of fluorescent base analogs as alternative, less invasive probes of nucleic acid structure, dynamics, and function.
Fluorescent base analogs are valuable in monitoring nucleic acid structural dynamics because they behave similarly to the natural nucleobases in their interactions with other biomolecules (Millar 1996; Jameson and Eccleston 1997; Rist and Marino 2002) . They typically do not disrupt duplex formation, making them useful probes of basepairing and base-stacking with neighboring natural bases. Fluorescent base analogs generally have large Stokes shifts and their fluorescence is sensitive to their environment (Jean and Hall 2001) , making them good probes of local conformational changes that occur within nucleic acids (Millar 1996; Jameson and Eccleston 1997; Rist and Marino 2002; Walter et al. 2002; Berry et al. 2004) . A number of fluorescent base analogs have been incorporated into nucleoside phosphoramidites and thus synthetic nucleic acids. One of the most popular fluorescent nucleobases is 2-aminopurine, an analog of the purines adenine and guanine (Ward et al. 1969; Doudna et al. 1990; Fujimoto et al. 1996; Millar 1996; Rist and Marino 2002) . It specifically Watson-Crick base-pairs with thymine or uracil and has proven its utility as a probe to monitor local conformational changes in nucleic acid structure, for example, in catalytic RNA and upon formation of nucleic acid-protein complexes (Millar 1996; O'Neill and Barton 2002; Walter et al. 2002; Patel and Bandwar 2003; Roy 2003; Bradrick and Marino 2004; Clerte and Hall 2004) . Several fluorescent pyrimidine analogs also have been developed, although they have not yet reached a similar level of popularity (Inoue et al. 1985; Wu et al. 1990; Godde et al. 1998; Wilhelmsson et al. 2001) .
A recent addition to the arsenal of fluorescent pyrimidine analogs available for probing nucleic acids is 3 (Berry et al. 2004; Fig. 1A) . Its 2¢-deoxy ribose variant has been successfully used, for example, in the characterization of the transcription bubble in elongation complexes of T7 RNA polymerase (Liu and Martin 2001, 2002) , in a biosensor for metal ions (Chen and He 2004) , and to characterize local structure in a double-stranded DNA (Johnson et al. 2005) or DNA/ RNA hybrid (Dash et al. 2004) . Its unperturbed WatsonCrick face allows PC to base-pair specifically with G, similar to an unmodified cytidine (Fig. 1A) . PC is of relatively small size, which is unlikely to perturb the structure of an A-type RNA helix. In addition, it promises to have potent applications in RNA structural analysis as it shares many of the same fluorescence characteristics that make 2-aminopurine ribonucleoside a versatile probe (Berry et al. 2004) . PC is highly fluorescent, with excitation and emission maxima of 350 and 460 nm, respectively, relatively far from those of RNA and protein, making it a suitable probe for both RNAs and RNA-protein complexes. Furthermore, the fluorescence of PC is significantly quenched in duplex DNA and RNA, most likely through base-stacking interactions with surrounding nucleotides, rendering it sensitive to its local environment (Liu and Martin 2001, 2002; Berry et al. 2004; Chen and He 2004; Dash et al. 2004) .
To explore and evaluate its suitability as fluorescent probe of RNA structure and dynamics, we now have incorporated PC into the middle of a single-stranded RNA (ssRNA) (Fig. 1B) . To study how the fluorescence of PC is affected by duplex formation, we used a complementary strand, termed ''cssRNA,'' to form the corresponding double-stranded RNA complex (dsRNA) (Fig. 1B) . We find that the steady-state fluorescence of PC in the single and double strands decreases by $60% and $75%, respectively, relative to the free ribonucleoside. Fluorescence of PC is only moderately affected by ionic strength and pH, while it is slightly enhanced by organic co-solvents, making it a probe suitable for a range of buffer conditions. Exploiting these observations, we demonstrate two applications for PC: (1) We fluorescently measure the kinetics of formation and dissociation of an RNA/DNA hybrid, and (2) we fluorescently monitor the thermal denaturation of the central segment of an RNA duplex and find good agreement with the major, but not a minor lower-temperature, melting transition observed by UV absorbance. Taken together, our data highlight the potential of PC as a fluorescent probe to study RNA structure, dynamics, and function, and suggest it as a suitable experimental counterpart to 2-aminopurine ribonucleoside.
RESULTS AND DISCUSSION
Fluorescence of PC decreases upon RNA duplex formation Figure 1 gives the structure and hydrogen-bonding pattern of PC, along with the PC-containing dsRNA used in this study. PC in strand ssRNA is base-paired with guanosine (G) in the fully complementary strand cssRNA. Previous investigations of DNA and DNA/RNA hybrid duplexes by fluorescence spectroscopy suggest that PC undergoes normal Watson-Crick pairing with G and is well-stacked within the DNA helix in a manner similar to cytosine (Liu and Martin 2001, 2002; Berry et al. 2004; Chen and He 2004; Dash et al. 2004) . To determine the fluorescence characteristics of PC in RNA, we obtained excitation and emission spectra of the ssRNA and its double-stranded form (dsRNA) (Fig. 1) under our standard buffer conditions (chosen to be close-to-physiologic: 50 mM Tris, 25 mM MES-NaOH, 25 mM acetic acid-NaOH at pH 7.5, 100 mM NaCl) at 25 C. We compared these spectra with those of free PC, obtained by complete degradation of ssRNA with 0.5 U of S1 nuclease over 1 h (Fig. 2) . Relative to this free PC control, the fluorescence decreases by $60% in the intact ssRNA and by $75% in the RNA duplex. In addition, the PC excitation and emission maxima are slightly blue-shifted from 353 and 448 nm, respectively, in the free PC control to 352 and 447 nm, respectively, in ssRNA, and to 351 and 443 nm, respectively, in dsRNA (all values obtained by Gaussian fits to the spectra) (Fig.  2) . Such a hypsochromic effect is expected for ! Ã transitions in the increasingly hydrophobic environment provided by single-and double-stranded base-stacking (Lakowicz 1999) . Similar results were obtained when comparing ssRNA and dsRNA in standard buffer with the directly available free PC as reference; in ssRNA the fluorescence intensity drops to 48% 6 2%, and drops in dsRNA to 31% 6 4% relative to free PC (Table 1) .
Fluorescence anisotropy of PC reports on incorporation into RNA and duplex formation
Fluorescence anisotropy measurements sensitively report on the rotational diffusion of a fluorophore within a biomolecular complex; generally, the higher the anisotropy (or polarization), the less mobile the fluorophore and the larger the complex (Lakowicz 1999) . This property should therefore allow us to monitor the incorporation of the small PC into the much larger ssRNA and dsRNA. We find that the free PC has a low anisotropy of 0.06 (Table 1 ), suggesting that it rotates relatively freely in solution. Upon incorporation into ssRNA, the anisotropy of PC increases by approximately twofold to 0.13, as expected. Addition of the complementary strand to form dsRNA further increases the anisotropy overall approximately threefold to 0.20 (Table 1) . These data suggest that PC becomes increasingly immobile upon incorporation into ssRNA and dsRNA, presumably by a combination of more stable local stacking interactions and slower overall rotational diffusion of the complex.
Monovalent and divalent salts do not significantly affect PC fluorescence
Monovalent and divalent salts commonly supply the counter-ion charge necessary to promote secondary and tertiary structure folding as the basis for function of a polyanionic RNA in solution (Draper 2004; Woodson 2005) . However, it is well known that salts also have the ability to quench fluorophores, for example, by promoting the formation of nonfluorescent states (Vamosi et al. 1996) . Salts such as NaCl, KCl, and MgCl 2 , for example, have been observed to quench the fluorescence of 2-aminopurine and formycin by 15% (Ward et al. 1969 ). To evaluate PC as a probe for RNA folding and function, we therefore examined the effect of salt concentration on its fluorescence. Specifically, we titrated ssRNA and dsRNA, as well as the free PC, with NaCl and MgCl 2 beginning from low-ionic strength buffer conditions (50 mM Tris, 25 mM MESNaOH, 25 mM acetic acid-NaOH at pH 7.5, containing $12 mM Na + , at 25 C). Figure 3 , A and B, shows that, upon raising the MgCl 2 and NaCl concentrations by 75 and 100 mM, respectively, the normalized fluorescence intensity of ssRNA decreases by $40% and $25%, respectively. In contrast, the normalized fluorescence intensities of both dsRNA and free PC remain virtually constant. These observations suggest that the quenching of fluorescence intensity observed for ssRNA with increasing ionic strength is not an intrinsic property of PC, but is most likely linked to properties of the incorporating ssRNA, for example, enhanced basestacking or secondary structure formation with increasing counter-ion concentration. (To control for the latter, mfold-based structure predictions were performed (Zuker 2003) , which generally produced potential secondary structures of low thermodynamic stability [data not shown].) This relatively moderate intrinsic ionic strength dependence recommends PC as a fluorescent probe for a broad set of buffer conditions. pH titration of PC fluorescence yields apparent pK a s Many fluorophores are pH-dependent; however, an important characteristic of a fluorescent probe often is its ability to be used over a wide pH range. Therefore, we measured the fluorescence intensity of PC as a function of pH in the free PC, ssRNA, and dsRNA. Overall, FIGURE 2. Pyrrolo-C fluorescence studies using 1 mM ssRNA and 1 mM dsRNA in standard buffer (50 mM Tris, 25 mM MES-NaOH, 25 mM acetic acid-NaOH at pH 7.5, 100 mM NaCl) at 25 C. Steady-state fluorescence emission (A) and excitation spectra (B) of ssRNA (solid line), dsRNA (dash-dotted line), and ssRNA after complete degradation with 0.5 U of S1 nuclease (gray line), as indicated. The emission and the excitation maxima were obtained as the means of Gaussian fits to the spectra. PC fluorescence is pH-independent over a wide range, pH 4-9, and only significantly decreases below pH 4 in all three structural contexts (Fig. 4A ). This pH dependence allowed us to fit the data (see Materials and Methods) to derive apparent pK a s for free PC and PC within ssRNA and dsRNA of 3.3, 2.7, and 3.6 (each 60.3), respectively. The pK a of PC therefore appears to be <4, slightly lower than cytosine's pK a of 4.2 (Saenger 1984) . The fact that the three pK a s in different structural contexts are similar suggests that the PC protonation equilibrium is not strongly influenced by stacking or hydrogen bonding interactions.
Organic cosolvents enhance the fluorescence of PC
Organic cosolvents such as formamide partially denature RNA, which can lead to escape from kinetic folding traps and functional enhancement (Pan and Sosnick 1997; Rook et al. 1998) . To investigate the effects of organic cosolvents on PC fluorescence in the context of RNA, we performed a titration of ssRNA, dsRNA, and free PC with up to 50% formamide in standard buffer at 25 C. Figure 4B shows that in all three cases we observed a monotonous increase in fluorescence intensity by nearly twofold over this range of cosolvent, suggesting a direct effect on the fluorophore rather than the RNA structure.
To further analyze the effect of organic cosolvents on PC fluorescence, we tested the impact of 50% ethanol. Table 1 gives quantitative PC fluorescence signals for the free PC, ssRNA, and dsRNA in standard buffer with and without a supplement of 50% ethanol or 50% formamide (normalized to the signal of free PC in buffer). The free PC fluorescence increases 3.5-fold and 2.2-fold upon addition of 50% ethanol and formamide, respectively. By contrast, the ssRNA fluorescence increases by only twofold upon addition of 50% ethanol, while the dsRNA signal does not increase significantly. Taken together with our formamide titration data, these results suggest that, first, PC fluorescence is enhanced in a more hydrophobic solvent environment and, second, the presence of RNA secondary structure dampens this enhancement.
Application example: PC reports on the kinetics of formation and dissociation of an RNA/DNA duplex To directly test the utility of PC in a dynamic RNA structure probing application, we designed a steady-state fluorescence assay in which we monitor binding and dissociation of a DNA oligonucleotide termed c1 to ssRNA. c1 is fully complementary to ssRNA and also contains a 10-nt 5¢-overhang, which allows its removal by addition of the fully complementary DNA oligonucleotide c2. c2 forms an extended DNA duplex with c1 that displaces ssRNA (Fig. 5A) , in analogy to previous conformational shift assays (Yurke et al. 2000; Hoerter et al. 2004) . Given that PC fluorescence in double-stranded nucleic acids is quenched, we expect duplex formation of ssRNA with c1 to cause a decrease in PC fluorescence that is reversed upon c2 addition.
Indeed, upon addition of 1 mM c1 to 200 nM ssRNA in standard buffer at 25 C, we observed an exponential decrease in PC fluorescence over time with a rate constant of 1.93 min
À1
, indicative of duplex formation (Fig. 5B) . After concentration in 50 mM Tris, 25 mM MES-NaOH, and 25 mM acetic acid-NaOH (pH 7.5; initially containing $12 mM Na + ) at 25 C. Errors are derived from at least two independent measurements. FIGURE 4. The relative fluorescence intensity of free pyrrolo-C ribonucleoside (gray triangles), ssRNA (filled circles), and dsRNA (open circles) as a function of pH (A) and (v/v)% content (B) of formamide in standard buffer (50 mM Tris, 25 mM MES-NaOH, 25 mM acetic acid-NaOH at pH 7.5, 100 mM NaCl) at 25 C. Errors are derived from at least two independent measurements.
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, signifying displacement of ssRNA from its hybrid with c1 (Fig. 5B) . These results provide direct evidence for PC's capability to monitor in real time the formation and dissociation of a nucleic acid duplex. Furthermore, the pseudo-first-order rate constant of the fluorescence decrease upon c1 addition is linearly dependent on the c1 concentration. From the slope of this dependence, we were able to extract a bimolecular rate constant of 4.0 6 0.2 3 10 6 M À1 min À1 for ssRNA binding to DNA oligonucleotide c1 (Fig. 5C ). This rate signifies that binding of c1 is not diffusion limited and is comparable to other bimolecular binding rate constants, such as those of substrate binding to the hairpin and HDV ribozymes (Walter et al. 1997; Harris et al. 2002; Pereira et al. 2002; Jeong et al. 2003) .
Application example: PC reports on thermal melting of an RNA duplex As a second application example, we sought to demonstrate PC's ability to report on thermodynamic parameters of a dsRNA such as its equilibrium melting. Optical melting curves derived from the hyperchromic shift upon denaturation are frequently used to provide such information indiscriminately of position in a nucleic acid. By contrast, a site-specifically incorporated fluorescent reporter is expected to monitor nucleic acid melting locally, which can be used to probe specific regions of interest. To demonstrate the validity of using PC to report on local melting in RNA, we obtained first a standard optical melting profile by following the absorption at 260 nm, and second, a melting profile monitored by fluorescence at 347 nm, employing our dsRNA duplex under standard buffer conditions. The equilibrium melting profile monitored by absorption shows two transitions represented by melting temperatures (T m ) of 70 C and 80 C (Fig. 6A) .
FIGURE 5. Kinetics of formation and dissociation of an RNA/DNA duplex in standard buffer (50 mM Tris, 25 mM MES-NaOH, 25 mM acetic acid-NaOH at pH 7.5, 100 mM NaCl) at 25 C. This assay is analogous to previous conformational shift assays (Yurke et al. 2000; Hoerter et al. 2004 ) and demonstrates the reversibility of changes in pyrrolo-C fluorescence upon duplex formation. (A) Schematic of the assay. ssRNA binds DNA oligonucleotide c1 (cyan), which is removed by addition of DNA oligonucleotide c2 (green); gray indicates pyrrolo-C probe. (B) Upon addition of the DNA oligonucleotide c1 (cyan), the pyrrolo-C fluorescence decreases with a rate of 1.93 min
. Upon addition of DNA oligonucleotide c2 (green), the fluorescence decrease is reversed, with a rate of 4.28 min This may represent two different regions of the dsRNA structure melting sequentially. The corresponding melting transition monitored by PC fluorescence at 347 nm exhibits only a single melting transition at 81 C, within error (61 C) of the major transition in the absorption melting profile (Fig. 6B) . Under the same buffer conditions, the fluorescence of the free PC shows only a very slight intrinsic temperature dependence, with a minimum near $75 C (Fig. 6C) ; this may explain the slight drift in baseline <70 C observed in our fluorescence melting profile (Fig. 6B) . As a further control, we obtained optical melting profiles at 260 nm for ssRNA and cssRNA alone under the same buffer conditions. The profiles each show a very minor transition represented by melting temperatures of 29 C and 39 C, respectively (Fig. 6D) , consistent with mfold calculations (Zuker 2003 ) that predict only potential secondary structures of low thermodynamic stability (data not shown). Therefore, the minor melting transition we observe at 70 C in the absorptive melting profile of the ssRNA/ cssRNA duplex cannot be attributed to melting of an excess of one of the two RNA strands. Taken together, our results demonstrate that PC incorporated into the middle of an RNA duplex accurately reports on the main melting transition, independent of minor transitions in the RNA as a whole.
Conclusions
In summary, we have incorporated the fluorescent cytosine analog 3-[b-D-2-ribofuranosyl]-6-methylpyrrolo[2,3-d]pyrimidin-2(3H)-one, or PC, into an RNA and shown that it serves as effective probe of kinetic and thermodynamic parameters associated with nucleic acid structure formation. PC is fluorescent over a broad range of solution conditions and becomes reversibly quenched upon basepairing and -stacking in an RNA (or RNA/DNA) duplex. Our results therefore highlight the potential of PC in further applications such as those where the 2¢ deoxy modified PC has previously been applied. For example, the local structure in an RNA or RNA/DNA duplex may be probed (Dash et al. 2004; Johnson et al. 2005) or a change in basepairing and/or -stacking upon protein binding be followed (Liu and Martin 2001, 2002; Chen and He 2004) . Its relatively small size and full hydrogen bond complementarity to G promise to make PC a valuable addition to the uridine-paired 2-aminopurine ribonucleoside (Berry et al. 2004) .
MATERIALS AND METHODS

Preparation of RNA oligonucleotides
PC cyanoethyl phosphoramidite with 2¢-O-triisopropylsilyloxymethyl (TOM) protection group and the free ribonucleoside were a gift from Berry and Associates (Dexter, MI) . The TOM protected phosphoramidite is now commercially available from Glen Research Corporation; a TBS-protected version is available from Berry and Associates. RNA oligonucleotides (sequences given in Fig. 1) were synthesized commercially by the Howard Hughes Medical Institute Biopolymer/Keck Foundation Biotechnology Resource RNA Laboratory at the Yale University School of Medicine. The RNA contained 2¢-protection groups and was deprotected as suggested by the manufacturer by using standard protocols based on triethylamine trihydrofluoride (http://info.med.yale. edu/wmkeck/) (Walter 2001 (Walter , 2002 . Deprotected RNA was purified by denaturing 20% polyacrylamide and 8 M urea; gel electrophoresis; diffusion elution into 0.5 M NH 4 OAc, 0.1% SDS, and 0.1 mM EDTA overnight at 4 C; chloroform extraction; ethanol precipitation; and C 8 reverse-phase HPLC with a linear acetonitrile gradient in triethylammonium acetate as described previously (Walter 2001 (Walter , 2002 . The PC ribonucleoside concentration was calculated from its absorbance at 347 nm (" 347 = 3700 M À1 cm À1 ), and RNA concentrations were calculated from their absorption at 260 nm.
DNA sequences used in this study were as follows: c1 (5¢-GA GCTGTCTCATAGTCCATTGGCCATCGAAT-3¢), c2 (5¢-ATTCGAT GGCCAATGGACTATGAGACAGCTC-3¢). Oligodeoxynucleotides were synthesized and desalted by Invitrogen. Synthetic DNA was purified by denaturing 20% polyacrylamide and 8 M urea, gel electrophoresis, and ethanol precipitation as described above. Stock concentrations were determined from their absorption at 260 nm.
Fluorescence experiments
All steady-state fluorescence measurements were conducted on an Aminco-Bowman Series 2 (AB2) spectrofluorometer (Thermo Spectronic) using 3-mm path length and 225-mL quartz cuvettes. Emission spectra were obtained by exciting at 337 nm (4-nm bandwidth) and monitoring fluorescence between 400 and 600 nm (8-nm bandwidth), and excitation spectra were obtained by monitoring fluorescence at 450 nm (8-nm bandwidth) while scanning excitation wavelengths between 300 and 400 nm (4-nm bandwidth). Fluorescence anisotropies were measured using the Autopolarizer equipment of the AB2 spectrofluorometer with excitation at 337 nm (4-nm bandwidth) and emission detection at 450 nm (8-nm bandwidth). Excitation and emission polarizers were sequentially set to all four possible combinations of vertical (v, 0 ) and horizontal (h, 90 ) alignment-Ivv, Ivh, Ihv, and Ihhto derive the instrument-factor corrected anisotropy A from the expression (Lakowicz 1999) :
Experiments were generally carried out at concentrations of 1 mM free PC, ssRNA, and dsRNA in a standard buffer of 50 mM Tris-HCl, 25 mM MES-NaOH, and 25 mM acetic acid-NaOH (pH 7.5), 100 mM NaCl, at 25 C (to produce dsRNA, ssRNA was annealed with a twofold excess of the complementary strand cssRNA, by heating to 70 C for 2 min and cooling to room temperature over 5 min). Nuclease digests were performed by addition of 0.5 U of S1 nuclease to a fluorescence cuvette with 1 mM ssRNA in standard buffer and incubation for 1 h at 25 C, at which point the fluorescence signal had stabilized.
All titrations with the exception of pH were performed in standard buffer by slowly increasing the amount of titrant. This was accomplished by adding small aliquots of an identical solution but supplemented with 200 mM MgCl 2 , 300 mM NaCl, or 75% formamide, followed by mixing and removal of a solution volume equivalent to that of the added aliquot. This procedure ensures that neither the concentrations of RNA and buffer nor the total solution volume changed over the course of the titration. After each titration step, the solution was equilibrated for 5-10 min until the fluorescence signal had stabilized, and an emission spectrum was recorded as described above. The fluorescence intensity of the peak was extracted by averaging 10 adjacent data points. pH titrations were performed by preparing a single solution of 1 mM RNA or free PC, supplemented with 100 mM NaCl, which was separated into aliquots and buffered to the required pH using final concentrations of 25 mM sodium citrate (pH 2.0-4.0) or 50 mM Tris, 25 mM MES, and 25 mM acetic acid (pH 4.0-9.0). Emission spectra were recorded and analyzed as described above. To derive pK a values, the PC fluorescence dependence on pH was fit with the equation F = F 0 + DF max /(1 + 10 (pKa À pH) ), where F 0 is the fluorescence intensity at low pH and DF max is the maximum increase in fluorescence intensity at high pH.
Kinetic binding and dissociation assays were performed by preparing 200 nM ssRNA in standard buffer, which was heated to 70 C for 2 min and cooled to room temperature over 5 min. Oligodeoxynucleotide c1 (5 mL) was manually added to a final concentration of 1 mM. After the fluorescence signal equilibrated, oligodeoxynucleotide c2 (5 mL) was added to a final concentration of 2 mM. The resulting time traces were fit with single-exponential decay and increase functions of the form y = y 0 + A(e Àt/t ) and y = y 0 + A(1 À e Àt/t ), respectively, employing Marquardt-Levenberg nonlinear least-squares regression (Microcal Origin 7.0), where A is the amplitude and 1/t an estimated pseudo-firstorder rate constant. To obtain a binding rate constant for c1, its concentration was varied from 1 to 2.5 mM, and the resulting concentration dependence was fit by linear regression to yield the bimolecular rate constant k bind as the slope.
Thermal denaturation
Thermal denaturation of 1 mM dsRNA at 260 nm was carried out using a Beckman DU-640B UV-Vis spectrophotometer with High Performance Temperature Controller and Micro Auto 6 T m cell holder. RNA samples ($300 mL) were prepared as described above in standard buffer, degassed for 5 min prior to obtaining UV melting curves. Absorbance readings at 260 nm were collected every 1.0 C as the sample was heated from 40 C to 90 C at a rate of 0.2 C/min. Melting curves in Figure 6 represent averaged data collected from two melts of freshly prepared dsRNA. After normalization, the first derivative was determined and smoothed by adjacent averaging. The derivative was fit best with two Gaussian distributions using MicroCal Origin 7.0, yielding two melting temperatures.
Thermal denaturation of 1 mM dsRNA at 347 nm was carried out using a Cary Eclipse spectrophotometer (Varian) with a multicell Peltier temperature control. RNA samples ($1 mL) were prepared as described above in standard buffer and degassed for 5 min prior to obtaining fluorescence melting curves. Fluorescence readings at 347 nm were collected every 0.2 C, as the sample was heated from 40 C to 90 C at a rate of 0.2 C/min. Fluorescence melting curves represent data collected from two melts of freshly prepared dsRNA. After normalization, the first derivative was determined and smoothed by adjacent averaging. The derivative was best fit with a single Gaussian function using MicroCal Origin 7.0.
